Folate metabolism has been studied in 7 Gy whole body y-irradiated mice. Considerable changes in the formyl and methyl tetrahydrofolate derivatives were observed in the liver at various stages after irradiation. Methyltetrahydrofolate polyglutamate cofactors were reduced to a considerable extent in the irradiated group. Significant levels of oxidized folates such as pteroyl mono-, di-, and tetra-glutamyl forms were found only in the irradiated liver indicative of oxidative changes. Methylenetetrahydrofolate reductase, the enzyme synthesizing methyltetrahydrofolates was impaired 35-40% in irradiated animals possibly leading to an impairment in methyltetrahydrofolate synthesis. Folylpolyglutamate hydrolase which hydrolyzes polyglutamylfolates to simpler forms, showed an immediate spurt in the activity but returned to normal values, 48-72 h after irradiation. An increased lysosomal membrane damage as assessed by higher free-amino acid pool was observed in irradiated mice.
Abbreviations used: H 4 PteGlu, tetrahydropteroylglutamic acid (tetrahydrofolic acid); PteGlu j , pteroyltriglutamic acid; PteGlu 4 , pteroyltetraglutamic acid; N'°-CHOH 4 PteGlu, N10-formyitetrahydopteroylglutamic acid; Coenzyme derivatives of folic acid have pivotal role in the metabolism of one-carbon transfers. They are involved in the synthesis of nucleic acid precursors such as purines and pyrimidines, in the metabolism of certain amino acids and in the initiation of protein synthesis (1) . NaturaIly occurring and dietary folates are mainly conjugated forms containing 2-7 glutamic acid residues attached through y -carboxyl linkages (2) . These polyglutamyl derivatives are better cofactors for various enzymatic reactions than their corresponding monoglutamyl forms. The role of polyglutamyl folates in one-carbon metabolism has recently been reviewed (3) .
The cellular metabolism of folic acid consists of reactions that include the synthesis of tetrahydrofolates with and without one-carbon substitution at various oxidation levels and the synthesis and hydrolysis of their polyglutamyl residues (1). This results in a variety of intracellular compounds that differ in pteridine ring substitution as well as in the glutamate chain lengths. The polyglutamyl folate spectrum and the pteridine substitution also vary with respect to rate of growth and nutrition, and are affected by cyclic hormonal changes, drug reaction, diseased states and genetic disorders (4) (5) (6) (7) (8) (9) (10) (11) . Thus the profile of natural polyglutamyl folates in the cell is constantly varying.
Various folate coenzymes involved in one-carbon metabolism are modulated as a result of altered physiological or nutritional states. Thus a nutritional folate deficiency (12) or a functional folate deficiency as is observed in diabetes (13) and other diseased states (8) might lead to metabolic disturbances and result in an altered folate homeostasis.
Our earlier studies on whole-body X-irradiation have shown severe inhibition of ~- incorporation into rat bone marrow nucleic acids indicating impaired haemopoiesis (14) . We have further shown X-irradiation interfered with the generation in the small intestine of the necessary acidic microclimate pH -a prerequisite to folate absorption (15) . Information on the possible yradiation induced disturbances in folate metabolism is so far scanty. The present study was therefore undertaken with a view to understarid the short term metabolic changes in folates and their polyglutamyl derivatives in whole-body y-irradiated mice, which would give an insight into altered folate homeostasis.
Materials and methods

Irradiation
Male Swiss mice weighing 20-25 g maintained on a stock laboratory diet were subjected to whole body yirradiation from Co-60 Theratron Junior Teletherapy unit at the rate of 79 cGy/min. The area of exposure was kept constant and the total dose was 7 Gy. Animals were sacrificed at 1, 24, 48, and 72 h after irradiation. The livers were removed and were homogenised to 10% w/v in O.IM phosphate buffer pH 6.0 containing 1 % ascorbate. A 5 m1 aliquot was removed, centrifuged at 10000 x g for 20 min and the supernatant stored at -20°C for enzyme assays. The other part of homogenate was immediately heated in a boiling water-bath for 5 min to inactivate endogenous foly! conjugase and then extracted for 10 min at 80° C, clarified by centrifugation and made to the original volume in the same buffer containing 1 % ascorbate.
Folic acid assay
Folate activity was determined by microbiological assay using Lactobacillus casei ATCC 7469 and Pediococcus cerevisiae A TCC 8081 with 5-formyl tetrahydrofolate (Sigma Chemical Co., Missouri, USA), as standard (after correction for the inactive isomer), as described earlier ( 16) .
Characterization of liver folates
An aliquot of control and 72 hour post-irradiated liver extracts corresponding to 0.50 J..lg and 0.80 J..lg L.casei active folates respectively was analyzed by DEAE cellulose chromatography (1.5 x 40 cm) using 0.1 -0.5 M phosphate buffer (pH 6.0) containing 1 % ascorbate for gradient elution, essentially as described by Wittenberg, Noronha and silverman (17) . The peak fractions were determined by differential microbiological assays with L.easei and P.cerevisiae. The values shown in Table 3 represent the relative amounts in percentage of total folate forms from one representative liver extract.
L. casei is active for a wide range of reduced and oxidized and formyl and methyl forms of folates and to some extent to di-and tri-polyglutamyl forms. P.cerevisiae responds only to non-methyl and unconjugated reduced tetrahydrofolates. A differential assay before and after external folyl conjugase treatment of the samples was, therefore, used to derive the methyl-and other one-carbon tetra hydro forms of simple and conjugated folates, and identified with authentic standards as well as from the elution pattern standardized earlier in our laboratory (18) . This method characterizes not only the number of yglutamy1 residues but also the state of reduction of the pteridine ring and the nature of the I-carbon substituents attached.
Enzyme assays
Methylenetetrahydrofolate reductase which catalyses the synthesis of methyltetrahydrofolate from methylenetetrahydrofolate was determined by the method of Kang et al (19) . The reaction system in brief contained 0.18 M potassium phosphate buffer pH 6.3, 37 nM menadione bisulphate, 80 J..lM N 5 ['4C]methyltetrahydrofolate (sp. activity 450 cpmlnmole), 1.15 M EDTA pH 7.0, 11 .5 mM ascorbic acid, 54 J.lM flavin adenine dinucleotide and enzyme preparation equivalent to 1-2 mg protein in a total volume of 700 J..ll. The fmal pH of the reaction mixture was 6.6. Tubes were incubated at 37°C for 60 min. The blank contained all the components of the test sample but its reaction was terminated at 0 min. The reaction was terminated by the addition of 3 ml of 20 mM dimedone in 1.0 mM potassium acetate buffer pH 4.5. The mixture was placed in a boiling water bath for 5 min, and cooled in ice for 5 min. Toluene (3 ml) was added and the mixture was vigorously mixed in a Vortex mixer. A 2 ml aliquot of the toluene phase was used for radioactive measurements and the enzyme activity was expressed III nmole formaldehyde produced! g liver Ih.
Polyglutamylfolate hydrolase, trivially also known as folyl conjugase, was determined as described earlier (20) as the amount of unconjugated folate released from yeast polyglutamylfolates for a 15 min reaction at 37°C.
Results and discussion
Simple and conjugated polyglutamyl folates of mouse liver at various post-irradiation periods are shown in Table 1 . Both, simple and total folate levels were steadily dropped immediately following irradiation and continued up to 72 h studied. Total folate values at 72 h post-irradiation showed only 375 ng/g liver as compared to 617 nglg liver folate for the control, indicating a 40% drop in folate values.
A similar drop (44%) in simple folate levels was also observed in the 72 h post-irradiated group. Polyglutamylfolate levels, obtained by the difference before and after conjugase treatment of the samples prior to assay showed a decline of 30% after irradiation during this period (Table 1) . This is quite in contrast with our earlier findings in alcohol-fed animals (21) and experimental diabetes (13) , where polyglutamylfolates were observed to be increasingly hydrolyzed to simple forms, eventually leading to a functional folate deficiency.· Mouse liver polyglutamylfolates were not, however, lowered significantly after irradiation. Rat liver folates have been shown earlier to be more resistant to Xirradiation as evidenced by the absence of any inhibition of 13-['4C]serine incorporation into liver nucleic acids, in contrast to bone marrow nucleic acids which was severely impaired, partially explaining the haemopoietic failure after X-irradiation (14) .
Differential microbiological assays (see methods) which give the amount of methyl tetrahydrofolate derivatives showed ( Table 3 .
Analysis of 72 h post-irradiated liver folate profiles by analytical DEAE cellulose chromatography showed considerable variations in the various forms of folates present in the liver (Fig. lA & B) . Significant changes in the folate profiles were seen in the irradiated mouse liver as compared to control. The folate derivatives identified from the chromatographic peak fractions represented in Fig. 1 are computed in Table 3 . Thus peak 3 in Fig. IA Fig. IA & B) were analyzed by differential microbiological assays with L.easei and P.cerevisiae before and after chicken liver folyl conjugase digestion to identify the formyl and methyl and reduced and oxidized folate derivatives comparing with authentic standards, as described in the text 22 .
The various forms of folates analyzed in the irradiated mouse liver (Fig. IB) (Table 2) were substantially lowered (almost to 36-38%) after irradiation (Table 3 , peak fraction numbers 13 , 24,40 and 54). A decrease or absence of active formyl cofactor forms of the vitamin were also observed in irradiated animals (Table 3 , peak fraction numbers 8, 30). One of the important fmdings is that significant levels (47%) of oxidized forms of folates were observed in the irradiated groups ( (24) . Further, oxidised folate coenzymes might act as an antifolate. It has also been shown that oxidized folates have IOO-fold less affinity than the reduced folate cofactors to folate binding proteins which are intracellular folate carriers (25) . Nonavailability of reduced folate cofactors would thus lead to an altered folate homeostasis and result in an overall impairment in folate-dependent reactions Since methyl folates are lowered in irradiated animals (Table 2 ), a determination of the enzyme methylenetetrahydrofolate reductase, which catalyses the synthesis of methyltetrahydrofolate from methylenetetrahydrofolate in these irradiated mice showed 35-40% impairment of enzyme activity beginning from 24 h after irradiation. Irradiated mouse liver showed 32.5 ± 2.5 nmoles/g activity as compared to 52.15 ± 2.6 nmoles/g for control mouse liver (Table 4) . On the other hand, the enzyme folylpolyglutamate hydrolase, trivially also known as folyl conjugase, which hydrolizes polyglutamyl folate derivatives into simpler forms (transport forms) is not impaired (Table 4 ). In fact, there was immediate spurt in the enzyme level after irradiation from 4.7 to 8.4 Ilg/g liver which attained normal values after 72 h. Folyl conjugase being a lysosomal enzyme (20) , this would probably indicate an immediate lysosomal membrane damage due to irradiation resulting in the enzyme release . This, however, did not result in complete degradation of higher polyglutamylfolates to their mono glutamate forms as seen Table I . This might possibly be due to the fact that polyglutamylfolates, being the storage forms, would be tightly bound to the binding proteins and are not readily available for enzymatic hydrolysis. 
irradiated
Values are mean ± SEM for four mice in each group.
The possible damage to the lysosomal membranes is further evident from our observation in irradiated mice of a 79% higher free-amino acid pool (measured as tyrosine equivalents) as shown in Table 5 , Table 5 Values are mean ± SEM for four separate mice Irradiation thus alters folate metabolism by inducing oxidative changes and by altering the natural spectrum of various isoforms of folylpolyglutamates . Further work is required for any long term effects of radiation on folate metabolic pathways.
